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ABSTRACT
Characterization of Resistance Change in Stretchable Silver Ink
Screen Printed on TPU-Laminated Fabrics Under Cyclic Tensile Loading
Corey R. Sutton
A stretchable silver ink was screen printed to TPU sheets, then tensile coupons of the TPU, both
bare and laminated to cotton, Denim and spandex fabric, were subjected to 1000 cycles of 20%
uniaxial strain. In-situ resistance measurements of printed traces were processed to generate datasets
of maximum and minimum resistance per cycle. A mechanistic fit model was used to predict the
resistance behavior of the ink across TPU/fabric levels. The results show that traces strained on
TPU laminated to spandex (polyester) fibers had an average rate of increase in resistance
significantly lower than that of traces strained on bare TPU. The variation in predicted resistance
was significantly lower in the spandex group than in the TPU group. Trace width was not found to
have a significant effect on the resistance behavior across TPU/fabric groups. More testing is
required to understand the effect of lamination to high elasticity fabrics on resistance behavior as it
relates to the viscoelastic properties of the fibers and weave structure.
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CHAPTER 1 – INTRODUCTION
The market for wearable electronics is predicted to grow rapidly over the next decade, with
applications ranging from diagnostic bands in the healthcare industry to performance tracking
garments for athletes. For there to be widespread consumer adoption, manufacturers must
seamlessly integrate sensors into commercially available textiles. Heat lamination of screen printed
circuits to fabric via a stretchable medium is a cost effective, scalable method under investigation.
The success of these wearable devices depends upon the mechanical and electrical reliability of such
printed circuitry under dynamic stresses, especially in sportswear applications. Therefore,
standardized tests must be developed to understand the interaction between conductive inks, the
intermediary substrates they are printed on, and the fabrics onto which they are integrated.

It is known that the resistance of stretchable conductive ink printed to a carrier material, such as
thermoplastic polyurethane (TPU), increases under an applied strain and recovers at least partially
when the strain is removed (Inoue et al., 2014). However, the characteristics of this resistance
change is not well-understood. For wearable electronics manufacturers to optimize material
selection, it is also necessary to understand the effect of textile properties on the behavior of these
inks under strain when laminated to the fabrics themselves.

The objective of this thesis is to measure the resistance change of stretchable conductive ink screenprinted on TPU under cyclic tensile strain and analyze how the behavior changes when the TPU is
laminated to different fabric materials. Recent experiments have shown that circuits screen printed
to fabric via an intermediary layer are able to reach significantly greater strains without failure and
that the maximum strain is dependent upon the fabric type. It is hypothesized that the elastic
properties of polymer fibers in most textiles both protect the thin printed circuits and assist in the
1

recovery of resistance in repetitive loading. The extent of this benefit on electrical performance and
its relationship to material properties is the focus of this paper.
The literature on wearable electronics and the underlying technologies that enable them are
examined in Chapter 2. The experimental design and methodology are detailed in the next chapter
followed by an analysis of the results in Chapter 4. The final chapter summarizes all findings and lays
out a model for future work that must be conducted to further the understanding of how stretchable
conductive inks behave on textiles.
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CHAPTER 2 – LITERATURE REVIEW
This chapter examines the current state of stretchable printed electronics research, including
common stretchable carrier substrates, conductive inks, and printing technologies. The various
approaches to integrating circuitry in clothing are discussed, as well as the standardized testing
required to evaluate their reliability in real-world use. A framework of material properties and
governing equations is then established with which to describe the behavior of viscoelastic materials
under uniaxial strain. Lastly, the most recent research into lamination of printed circuits to fabric
and why more work is needed to understand the dynamic interactions at play is discussed.

2.1 Wearable Technology
In the age of smartphones, smart watches and wireless ear buds, most devices are multifunctional,
seamlessly integrated and provide users access to swaths of useful information. With technological
advancements like the miniaturization of electronics, improvements in printing methods and
functional inks, and the development of tight fitting breathable fabrics, there are new opportunities
for adding functionality to clothing. Flexible hybrid electronics is one rapidly expanding industry
with applications in wearable technology, but most flexible devices are not sufficient for use in high
performance applications on the human body, nor are they necessarily comfortable to wear (Gamota
et al., 2017). Stretchable electronics enable a host of technologies such as electrodes, sensors,
heaters, batteries and capacitors that can conform to a user’s body and withstand dynamic forces
(Figure 1).
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Figure 1: Stretchable Electronics Technology Categories (Wu, 2019).
Wearable electronics are typically garments that incorporate and connect these stretchable
technologies to create multi-functional devices that can collect data and transmit externally, to a
smartphone for example, where the information can be utilized. It is also important that the circuits
enabling this technology are durable and capable of being comfortably worn, thus printed circuits
are of interest. These two-dimensional circuits should be flexible enough to conform to different
shapes and stretchable enough to allow for a dynamic of movement. They should also be able to
stand up to extreme temperature, sweat, abrasion and washing.

DuPont’s special projects division has recently announced IntexarTM technology which they claim
can “transform ordinary fabrics into active, connected, intelligent garments that enable critical
biometric data collection including heart rate, breathing rate, form awareness and muscle tension”
(“DuPont”, 2018). The IntexarTM technology consists of DuPont’s patented stretchable inks and
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films on a performance fabric of a manufacturer’s choosing. This commercially available technology
is a good model of the six key functional layers that enable basic stretchable sensors (Figure 2).

Figure 2: DuPont IntexarTM Technology Consisting of Six Functional Layers (“The Intexar
Solution”, 2018).
A performance fabric for conformal wear will typically be a synthetic spandex fiber blend with high
resilience. The base film needs to be a polymer with an elasticity at least equal to that of the fabric to
which it is bonded, unless the area of adhesion can be mechanically isolated. The conductor in this
type of laminate should be a conductive ink, most often silver-based, and it will typically follow a
non-linear shape to allow greater stretchability and reliability. The sensor material can vary
depending on the application, but typically it is a functional ink that can measure electrical signals
and/or an ultra-thin chip that can process such signals. An encapsulant layer allows the garment to
be washable and the cover film, while not necessary, protects the overall system from scratches or
damage (“DuPont”, 2018).

5

Lubrizol Advanced Materials, Inc. led a collaborative project to design a heater jacket for the 2018
IDTechEx Show (“Wearable”, 2018). This wearable device consisted of many of the same layers as
the DuPont tech, except it used a high resistivity ink, as well as a conductive layer that led to a
power source which could run current and cause the material to heat up (Figure 3).

Figure 3: Heater Jacket Made with Screen Printed ACI Inks (“Wearable”, 2018).
The circuitry is on full display in this prototype, but in a commercial version it would be hidden
under a thin layer of fabric and still allow heat to transmit to the wearer. This is the type of new
functionality in a common garment that would be quickly adopted by consumers.

Other examples of wearable platforms include flexible strain sensors, capable of monitoring
movement and temperature (Eshkeiti et al., 2014), printed strain sensors and antennas (Le et al.,
2015), and patches for continuous monitoring of human sweat (Anastasova, Crewther, et al., 2017).
From sports to aviation, healthcare to music, the increased use of sensors allows for greater
capabilities of process monitoring and control (Kurnyta et al., 2014; Lehmus et al., 2016; Medeiros &
6

Wanderly, 2014).

2.2 Integration Methods
Wearable devices can be enabled with conductivity after manufacturing, as seen in the above
examples, or the functionality can be built in to the fabric itself (Castano & Flatau, 2014).

Figure 4: Techniques to Enable Conductivity in Fabrics (Castano & Flatau, 2014).
The methods outlined in Figure 4 for enabling conductivity during manufacturing involve
introducing a three-dimensional conductor into the fabric or the weave itself. The extruded wire
approach involves running a drawn metallic filament through a bundle of textile fibers and winding
them together into a single thread (Figure 5).
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Figure 5: Conductive Thread Composed of a Spun Metallic Filament and Common Textile Fibers
(Stoppa & Chiolerio, 2014).
While this method may be effective in heavy garments, such as jackets, it is not suitable for on body
applications and is susceptible to fatigue and it increases stiffness while reducing elasticity (Stoppa &
Chiolerio, 2014). The twisted wire method involves twisting ultra-fine metallic wires around a
polymer yarn to conduct current and create complex network of electrical connections.
Unfortunately, this method also has wearability issues, as it creates threads that are hard and
abrasive, and the process to make them is complex and seldom uniform (Stoppa & Chiolerio, 2014).
Another method for making fibers electrically conductive involves either coating them in a metal or
building in electrically conductive layers in the fabrication process (Abouraddy et al., 2007).

Post-manufacturing introduction of conductivity to fabrics has been explored in a few ways.
Conductive fibers can be sewn or embroidered into finished garments, connecting to ultra-thin
integrated circuit (IC) chips. One study utilizing this approach showed its viability and concluded
that more loops of a thread around a contact pad improves the conductivity (Linz et al., 2005). An
embroidered garment is shown in Figure 6 prior to encapsulation, which is necessary to protect the
chip from moisture.
8

Figure 6: Conductive Thread Embroidered on Denim and Connected to an IC (Linz et al., 2005).
This method requires further research to understand environmental effects and physical wear on the
conductivity of the threads, as the paper notes that more test methods need to be developed (Linz et
al., 2005). The remaining methods for introducing conductivity to fabric, detailed in Figure 4,
involve the deposition of conductive material on the surface of fabrics. Direct deposition of material
to fabric can take many passes to achieve a sufficiently thick layer and the circuits are highly prone to
defects such as cracking and delamination. A 2017 Cal Poly study concluded that in repeated tensile
straining, silver ink printed directly to fabric will have a significantly greater increase in resistance
than ink printed to a carbon or dielectric intermediary layer (Tuuri & Powell, 2017). Thus the
solution is to introduce a base layer that bonds to the fibers and creates a smooth surface that can
protect a subsequently deposited conductive layer. Alternatively, a substrate like TPU with an
adhesive backing can be printed with conductive traces and simply laminated to the surface of a
fabric, but the behavior of the circuits in this configuration is not well-understood.

9

2.3 Testing Methods and Relevant Studies
Since the industry around e-textiles and stretchable electronics is still developing and there are not
many commercially available products, there is a lack of testing and reliability standards for
manufacturers to follow. However, before flexible or stretchable electronic devices make their way
to the medical field or consumers, a high degree of reliability and safety must be established. Hence,
the e-textiles industry requires a cohesive set of standards for emerging manufacturers in the space
to meet a minimum level of quality in their products and processes. Standards may include rules for
material storage and lot consistency, design rules for each printing process, and parameters for
electrical and durability testing of flexible or stretchable devices (Gamota et al., 2017). Other
considerations for these commercial electronic devices are standards that address recyclability,
consumer safety, and reliability in worst use case conditions. For example, bending, crushing,
folding, thermal shock, exposure to water or solvents, etc. are common tests that both stretchable
devices may need to pass.

Standards for rigid electronics developed by organizations like IEEE, IPC, and IEC can be
leveraged for new stretchable electronics standards. It is important that these bodies collaborate on
the new standards, so that there are not multiple standards for the same test with minor differences
(Gamota et al., 2017). One example of a first step toward agreed upon standards is “IPC-9204 –
Guideline on Flexibility and Stretchability Testing for Printed Electronics” (“Guideline”, 2016), a
draft document published by the IPC D-65 subcommittee for third parties to build on. The
document references a series of relevant standards on which it is based, including ASTM, ISO, IEC,
and other IPC standards spanning various materials and properties. IPC-9204 outlines five main
categories of stresses to be evaluated: stretchability, bending, torsion, rolling, and crumpling
(“Guideline”, 2016). It also defines new or ambiguous terms used in the test descriptions so that
10

there is no confusion when another lab or organization cites the work.

With many startups entering the printed electronics space, whether in the development of new inks
or the assembly of finished products, their performance requirements are application specific. As a
result, most of the equipment used to validate printing processes and design parameters are custombuilt and needs-driven. Some efforts to standardize testing procedures have been made. The
company Yuasa produces adaptable fixtures for variable bending and stretching of printed
electronics, which they claim satisfies 80% of their customers’ needs (Ando, 2017). For other
applications where extreme environmental conditions are possible, large-scale equipment capable of
replicating those environmental factors must be designed. If standardized flexibility testing devices
can be integrated into commercially available humidity chambers, a wider range of tests may be
sooner accessible to flexible electronics manufacturers with no added cost.

When it comes to testing printed circuits, a test can be setup such that it measures the performance
of the circuit design or the ink itself. Most stretchable circuits in wearable devices will incorporate a
non-linear, wavy pattern to allow for greater deformation of the stretchable substrate before direct
strain is applied to the circuits (Mohammed, 2017). One such pattern is a horseshoe meander shape
(Figure 7) which is defined by the radius of bend, the meander period or distance between repeating
segments, line width, and when applicable, the distance or pitch between tracks (Bossuyt et al.,
2013).
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Figure 7: Horseshoe Meander, where R is Radius, p is Period, w is Line Width, and d is Track Pitch
(Bossuyt et al., 2013).
Other designs that add stretchability to printed devices include wavy structural configurations,
fractal design, interconnected islands in a mesh, and origami structures (Wu, 2019). A wavy structure
in one in which the substrate after printing is formed in three-dimensional curving pattern that
effectively shortens the original length but allows for an equivalent amount of deformation before
strain is applied to the ink. Fractal designs take a shape like the horseshoe meander and add
complexity such that the pattern must unfurl before the shape is stretched, after which the ink is
stretched (Figure 8).

12

Figure 8: Conventional Fractal Patterns (Wu, 2019).
Fractals may be the most effective way to protect printed circuits from dynamic forces by effectively
increasing their range of elongation in multiple directions. However, most standard reliability tests
will require the ink to be tested in the worst case scenario. Therefore, the standard dogbone test
coupon or a similar straight line print is ideal for evaluating the electrical performance of an ink.

The uniaxial tensile test experiment described in Chapter 3 of this paper attempts to expand on
similar studies that have been conducted on screen printed silver inks. A 2013, while not performed
with a textile, established a novel cyclic stretch test of horseshoe meandering copper circuits on
polydimethylsiloxane (PDMS) (Bossuyt et al., 2013). Electrical conductivity was measured in-situ for
strains of up to 20%, but characterization of the behavior was not a focus. A 2014 study ran cyclic
tensile tests at multiple strains on a conductive ink screen printed to a polyurethane substrate and
found that conductivity of the ink is not “uniquely dependent on the magnitude of tensile strain
because of time-dependent variation of the conductivity” (Inoue et al., 2014). The researchers also
13

found that viscoelastic recovery would occur when samples were held at constant tension and
annealing at 100oC allowed conductivity to recover to nominal due to a rearrangement of the
polymer structure around silver particles (Inoue et al., 2014). The paper, however, did not attempt to
model this behavior and lamination to fabric was not investigated.

A 2018 study examined performance on LED connected to printed circuits when laminated to
spandex of varying structures, compositions, thicknesses, and Young’s Moduli (Lee et al., 2018).
This experiment is a good example of selecting textiles based on their properties for an informed
comparison. It was found that the ink printed to the woven fabric with the highest Young’s modulus
was able to reach the highest strains before failure. This is an important discovery, supporting the
hypothesis that spandex fibers with high stiffness and good recovery will protect printed traces
laminated to the surface. While the study also broke ground by visually evaluating the effect of strain
and submersion in water on the brightness of the LED device, no quantitative data analysis was
performed. Another experiment, focused solely on the characterization and comparison of
sportswear spandex fabrics based on their composition and structure, laid the groundwork for future
studies that are necessary in the textile industry for a more robust understanding of e-textiles (Mani
& Anbumani, 2014). More experiments have been conducted that examine electrical behavior of ink
when laminated to fabric via a base layer, but none have come up with a quantitative comparison of
these behaviors (Tuuri & Powell, 2017; Hosono & Inoue, 2018).

2.4 Printing Technology and Ink Formulation
For wearable electronics to be produced in a commercialized process, they will likely need to
leverage existing printing technologies with minimal modifications (Street et al., 2015). The two
broad categories of printing technologies available today are contact and non-contact. Contact
14

printing makes use of a master print element, either a roller or a screen mesh, which has been prepatterned with a circuit design that transfers ink to the substrate. Non-contact printing is
“masterless”, meaning a digital design can be uploaded to the printing head, which dispenses a
conductive or resistive material accordingly. Mass manufacturing of printed electronics systems at
low cost will most likely be realized with master-based printing methods, while the masterless
methods will be valuable in rapid prototyping of new designs and direct printing device
interconnections (Street et al., 2015). Each printing method has tradeoffs between print speed and
resolution.

Two common non-contact printing methods are inkjet printing and aerosol jet printing. Inkjet
printing operates as either a continuous or drop-on-demand process, with the latter being the most
commonly used (Gamota et al., 2017). Drop-on-demand printing can deposit both conductive and
non-conductive ink materials with extremely low viscosities, controlled through either a piezoelectric
dispensing system or a thermal system that locally forms ink bubbles (Gamota et al., 2017). These
methods can print at high speeds over a large area, but with poor lateral resolution due to the
thinning out of the viscous inks. In the aerosol jet printing process an inert gas is used to atomize a
conductive ink and a secondary gas stream funnels the particles as an aerosol jet stream onto the
target substrate (Figure 9).

15

Figure 9 – Aerosol Jet Printing Process Flow (Gupta et al., 2016).
A wide range of ink viscosities from 1 cP to 1000 cP may be used and only droplets of less than 5
um are allowed through the printing head, allowing for extremely tight tolerances on line widths
(Gupta et al., 2016). The print head also has a variable stand-off distance, enabling printing over
complex curved surfaces.

The primary contact printing methods include gravure, flexography, offset lithography, and screen
printing. Gravure printing is a rotary printing process in which a cylinder with an engraved pattern
fills with ink rom a reservoir and is impressed into a substrate (“Roll to Roll”, 2013). Flexographic
printing can be thought of as an inversion of the gravure process. Ink is instead coated on the raised
surface of a patterned roller, which then transfers the pattern to a substrate. Offset lithography
operates in the same manner as flexography, except that a pattern is defined by ink-accepting and
ink-repelling areas of a roller and is then transferred to a final roller which lays the pattern on a
substrate (Gamota et al., 2017). The last contact printing method is screen printing, which involves a
squeegee pressing ink through a patterned mesh onto the target substrate below. This method can
achieve thick print heights of between 10 um and 500 um, which is good for conductivity, but
resolution of the line widths is low because a moderate viscosity ink is required (“Roll to Roll”,
2013). The viscosity must be low enough that the ink can move easily through the mesh, but high
16

enough that the lines will not slump. The properties of each printing method can be summarized in
the table below (Table 1).
Table 1 – Roll-to-Roll Contact Printing Method Properties (Gamota et al., 2017)

There are a variety of methods for producing stretchable conductors, each with tradeoffs in
performance and manufacturability. Two methods that result in excellent stretchability and fatigue
reliability include sputtering or etching thin films on stretchable substrates and embedding
conductive material directly into the substrate (Mohammed, 2017). However, these methods are not
cost effective for low volume production of stretchable conductors. Screen printing of conductive
inks is an established process that is up to 70% cheaper in low volume production than sputtering or
direct deposition (Mohammed, 2017). One limiting factor of this technology is the formulation of
stretchable ink, which has traditionally shown poor stretchability and fatigue resistance.
The formulation of most screen-printable stretchable conductive inks include three components:
conductive nanoparticles, an elastomeric binder, and a solvent (Venkata Krishna Rao et al., 2015).
Studies have shown that the composition and ratio polymer matrix to conductive particles, as well as
particle size, shape and distribution, have an effect on resistance and stretchability of silver
17

conductive inks (Merilampi et al., 2009). The nominal resistance of traces composed of such inks
degrades quickly under uniaxial tensile strain. As the elastomeric matrix elongates, the density of
conductive particles decreases and the number of contact points between particles is reduced.
Cracks also begin to form in the polymer matrix as defects are introduced and the homogeneity is
reduced (Merilampi et al. 2009; Lee et al., 2018). Metal nanoparticles have high surface area and
therefore high conductivity, close to that of the bulk conductive material. However, these small
particles have a tendency to agglomerate in solution, thereby negatively impacting the ink resistivity
and stretchability. Large metallic particles impede the sliding of elastomer chains past one another,
causing polymer links to break prematurely under lower strains. The ideal stretchable conductive ink
will have the most even distribution of small metallic particles in solution.

What is unique about the SE1107 ink produced by ACI is the cavitation process they use to break
apart silver nanoparticles, resulting a narrow distribution of small diameter particles. Cavitation is a
process that subjects a fluid to extreme shear pressures which bring the liquid close to the vapor
phase, causing the formation of bubbles that collapse violently (Emmerson et al., 2010). The
asymmetric collapse results in jets of liquid shooting through the gaps, releasing intense energy that
can help mix materials, reduce viscosity of the liquid, deagglomerate particles and reduce particle
sizes (Emmerson et al., 2010). ACI also uses a patented blend of elastomeric polymers which they
claim give their ink the one of the highest stretchability factors of any conductive stretchable ink
currently available. Other stretchable conductive inks, have limited elongation and endurance to
cyclic loading, which introduces defects in the polymer matrix and inhibits the flow of electrons.
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2.5 Viscoelastic Properties
The evolution of the wearables industry is dependent on understanding how printed circuits will
react to external forces. The discipline of rheology can help describe the characteristics of this
reaction by defining the viscoelastic features of polymers and amorphous solids. Rheology is the
study of the deformation of matter under the influence of an imposed stress. This topic is generally
complex, covering everything from purely elastic materials to ideal fluids, where mechanical
behavior cannot be described by classic theories (Málek, 2012). These characteristics change as
conditions change, such as applied force, temperature or time. Since continuum mechanics crosses
multiple disciplines, many terms are related and/or derivatives of one another. Three relevant
characteristics are defined as follows:
1. Stress – directional Force / Area
2. Strain – relative change in size of an object due to applied stress
3. Elastic Modulus – Stress / Strain (Janmey & Schliwa, 2008)
a. Young’s modulus – tensile elasticity (Tensile Stress/Tensile Strain)
Although these properties have a time and temperature components, this report will focus
specifically on tensile stresses due to uniaxial force.

Elasticity describes a material’s resistance to deformation and ability to return to its original shape by
storing energy as it deforms and using it to recover, while viscosity is a material’s resistance to flow,
or its ability to dissipate energy. Purely Newtonian fluids, as defined by
𝜏=𝜂

𝑑𝑣
𝑑𝑦

where 𝜏 is shear stress, 𝜂 is viscosity and (𝑑𝑣/𝑑𝑦) is shear rate (time), are those in which viscosity is
independent of shear-strain rate, resulting in a linear stress-strain curve (Figure 10).
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Figure 10: Viscosity of Materials (Dhollm, 2017).
Newtonian fluids are represented by a dashpot, or dampening mechanism, while purely elastic
materials which return to their original shape when stress is removed are represented by a spring
mechanism. Fluids that do not follow a linear relationship with shear-strain rate are known as nonNewtonian fluids. Solids exhibit this relationship with plasticity, a permanent deformation with
applied stress that does not recover. Ideal elasticity is approximated by Hooke’s law for isotropic
materials like crystalline solids, and is theoretically linear up to the elastic limit. As with fluids, there
are exceptions to this linear behavior, referred to simply as nonlinear elasticity. Viscoelasticity is used
to define these overlapping characteristics when both occur in a material.

Most materials exist in a continuum dependent on temperature, i.e. water can be glassy or steel can
be liquid under the right conditions. In academia material properties are usually simplified,
separating continuum mechanics into solid and fluid mechanics (Bergström & Bergström, 2015).
Rheology focuses on the complex part of this continuum, where a great deal of overlap exists.
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Ideal materials for wearable electronic devices are elastomers that can reversibly endure deformation
greater than 200%, such as natural rubber (NR), styrene butadine rubber (SBR), ethethylenepropylene-diene monomer (EPDM), polyurethane (PU), PDMS and TPU (Wu, 2019). TPU is
defined by its viscoelastic characteristics, which are dependent on time and temperature, where a
change in temperature will move the rate of conformational change towards the glassy or rubbery
region (Roylance, 2001). While material response to an applied stress is instantaneous for an ideal
fluid and near zero for an ideal elastic, such that time can be completely disregarded, in the
viscoelastic region there is a measurable response that must be accounted for. As such, the behavior
of a semi crystalline polymer is non-linear and highly amorphous (Cangémi & Meimon, 2001),
making it extremely difficult to model.

On this topic, it is important to clearly delineate viscoelasticity and viscoplasticity. Viscoplastic
materials will instantly deform under an applied stress but also have a time-dependent creep
component and a yield stress. As long as the applied stress is under the yield stress, deformation is
not permanent. These materials would be modeled by non-Newtonian models such as the Bingham
plastic stress-strain curve in Figure 10. Viscoelastics will deform under any stress and do not have a
yield stress, but they will almost fully recover when strain is released, given enough time. They would
be characterized by the Maxwell and Kelvin-Voigt models. The relevant characteristics of nonlinear
viscoelastic materials are hysteresis, stress-relaxation, recovery and creep as defined below.
Creep: The change in a material under the application of a persistent stress. This is characterized by
the strain rate over time when stress is applied, starting with a high strain rate, proceeding to a near
constant (steady-state creep), and then increasing exponentially to failure at a high enough stress.
Recovery: The converse of creep, or the return of the material to its original configuration when
stress is removed.
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Stress-Relaxation: The observed decrease in stress under constant strain. Stress-Relaxation is not
detectable until the load is removed.
Hysteresis: The history dependence of a material.

TPU is a versatile material, as its microstructure can be adjusted to give it different properties. TPU
has a two-phase microstructure (Hepburn & York, 1969), composed of a brittle hard domain within
ductile soft domain with interconnected segments (Bates et al., 2012; de Geus et al., 2016; Fuest,
2014). The hard domains are made up of dispersed crystallites with high glass transition temperature,
while the soft domains are rubbery with a low glass transition temperature (Biemond et al., 2010).
These characteristics were studied in detail by tensile testing polymer samples with varying hard and
soft segment characteristics (Niesten & Gaymans, 2001). The researchers found that a strain
softening effect caused a large decrease in the modulus, which they attributed to “the disruption of
the interconnecting crystalline network” (Biemond et al., 2010). The microstructure of TPU under
increasing strain can be seen in Figure 11.

Figure 11: Representation of Change in TPU Crystalline Morphology Under Strain (Biemond et al.,
2010).
“a” depicts the intermeshed crystalline hard and soft domains under low strain. In “b” and “c”,
under increasing strain, the crystalline phases break up as the soft domain uncoils and straightens,
causing loss strength and other material properties.
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An example of changing the TPU microstructure to modify its properties is blending PVC with
TPU to give the material shape memory with a strengthened structure (Jeong et al., 2001). Changing
the hard domain sequence-length distribution (Goddard & Cooper, 1994; Madkour & Azzam, 2002)
has a great effect on the formation of hydrogen bonding between the domains (Son et al., 1999).
This formation and the subsequent interaction of the hard and soft domains is an integral part of the
viscoelastic characteristics. The TPU provide by Delphon for the experiment in Chapter 3 of this
paper is said to have a structure such that the TPU can stretch beyond 100% elongation without
permanent deformation

Viscoelastic models include Maxwell, Kelvin-Voigt, Burgers and the standard linear solid model.
These models use a combination of a spring and dashpot mechanisms to account for the elastic and
viscous behaviors of materials subjected to uniaxial tension. A dashpot mechanism resists extreme
changes over short time periods and eventually dissipates with time or low stress. A spring instantly
deforms when a force is applied and recover when it is removed. The simplified models and their
components are defined below in order of increasing complexity:
k = spring constant, measuring the stiffness of the spring
s = stress
t = η / k = time (generally response/relaxation time)
η = viscosity, represented by a dashpot
ϵ = strain
D(creep) and E(relax) = the creep compliance and modulus of relaxation where
D𝑐 𝑡 = ϵ(𝑡) / sₒ and E𝑟(𝑡) = s(𝑡) / ϵₒ
respectively (Park & Kim, 1999). Together, D𝑐 and E𝑟 define the hysteresis loop of a material.
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Maxwell: A linear spring and linear viscous dashpot in series. Lacks the ability to describe
creep/recovery
s 𝑡 = sₒ ∗ 𝑒 HI/t )
Kelvin-Voigt: A spring in parallel with a dashpot. Cannot show relaxation.
ϵ 𝑡 = ϵ ∗ ͚ (1 − 𝑒 HI/t )
Burger’s: A Maxwell element and Kelvin-Voigt element in series. Known as a four-element
viscoelastic liquid model.
ϵ t = ϵₒ ∗ 1 +

𝑡
+ ϵ ∗ (1
͚ − 𝑒 HI/t )
t

Standard Linear Solid (SLS): A combination of Maxwell and Kelvin-Voigt elements. The Maxwell
representation has a Maxwell component in parallel with a spring while the Kelvin representation
has a Kelvin arm in series with a spring. This is the simplest model that can show both creep and
relaxation and is a three-element viscoelastic solid model. The formulation of the SLS model is
dependent on the targeted variable and can change to adapt to material characteristics.

Researchers examined characteristics of these models as they relate to TPU. Softening behavior was
explored, which can be seen in Figure 12 as the stress-strain curve diminishes to a reduced steadystate after subsequent cycles (Qi & Boyce, 2005).
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Figure 12: Cyclic Stress-Strain Curve (Qi & Boyce, 2005).
It was found to reach a near stable point after only four cycles, with most of the strain occurring
after the first cycle. They also worked to characterize the stress-relaxation behavior, finding that it
moved “towards an equilibrium state during the holding periods” (Qi & Boyce, 2005). This
equilibrium state occurs in both creep and relaxation curves when subject to steady-state strain, as
well as dynamic loading. A constitutive model was created to define these characteristics, breaking
them down into three elements: a hyper-elastic rubbery spring in parallel with a linear spring and a
viscoplastic dashpot (Figure 13).
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Figure 13: Constitutive Model of TPU (Qi & Boyce, 2005).
Attempts to more closely define this complex behavior are ongoing, with most research gaining
traction in the last decade. As these materials are highly variable in their characteristics, researchers
sought to create an artificial neural network to assist in determining the relaxation modulus curve
segment of a polymer structure in real time (Aulova et al., 2017). They had promising results in
multilayer perceptrons and a radial basis function network, however more research is needed.

2.6 Fabric
The fibers of different fabric materials have multiple characteristics of interest as well, grouped into
six categories (Figure 14), of which the mechanical and dimensional characteristics are of most
interest.
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Figure 14: Fiber Properties (El-Mogahzy, 2008).
To understand the stiffness of cotton and polyester fibers and their ability to elongate, it is necessary
to examine their tensile strength, modulus of elasticity and resilience. For fabrics, resilience is
defined as the ability to recover from deformation. A generic description of cotton and polyester,
from “Textiles and Fashion” (Richards, 2014) shows them to be different in nature. Cotton has
mechanical characteristics that give it a relatively low elasticity and resilience. Elongation is also low,
in the 6-9% range (El-Mogahzy, 2008). Polyester is resistant to stretching, has good tensile strength,
elastic recovery and elongation of around 15-25%. Thus, elastomeric materials like spandex
(elastane/polyester), are able to stretch more easily and further than cotton. They also are highly
elastic and will recover almost completely when force is removed. Cotton has a high modulus, being
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inelastic, and does not stretch a great deal (Richards, 2014). Cotton is a cellulosic material, while
spandex fibers are synthetic (Bubonia, 2016).

Dimensionality, relating to shape, length, or diameter of fibers, and the effect it can have on the
mechanical properties, must be taken into consideration. These characteristics are of interest due to
their ability to affect the strength and flexibility of a fabric. There are additional features of a fabric
that can be engineered to change the way a material feels, looks or wears (Richards, 2014), but those
are not of interest. Figures 15 and 16 compare the elongations and elastic moduli of fibers.

Figure 15: Elongation Percentage by Fiber Material (El-Mogahzy, 2008).
Polyester fibers are able to reach four times greater elongation before break than cotton (Figure 15)
and polyester has a Young’s Modulus close to half that of cotton (Figure 16).
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Figure 16: Young's Modulus by Fiber Material (El-Mogahzy, 2008).
Fabric characteristics range in complexity from anisotropic to nonlinear and hysteretic. Research
continues into models that can assist in defining these characteristics. While the crafting of fabrics
has a long history, there has been limited research into the complexity of textile properties and their
use by industry (Hearle, 2004). This has started to change in the last decade with the application of
computers to the solving the complex problems surrounding viscoelastic properties governing fiber
deformation and strain. One study used computational modeling to capture fiber mechanical
behavior for this purpose and successfully fit a material model (Williams, 2010). There is still
difficulty in bringing engineering rigor to the textile industry which has focused on artistry and craft
for centuries, which is why more experiments like the one presented in this paper are necessary to
pave the way.
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CHAPTER 3 – EXPERIMENTAL DESIGN
The objective of this experiment was to measure and compare the change in resistance under cyclic
tensile strain of a conductive stretchable silver ink screen printed on TPU to that of TPU bonded to
stretchable fabrics. The ink (SE1107) was a highly stretchable cavitated silver nanoparticle ink
provided by ACI and the TPU was provided by Delphon. A print pattern of traces with varying
widths was chosen to determine if line width might also have an effect on resistance change. A total
of seven TPU/fabric combination levels and four trace width levels were tested. At 8 replicates (test
coupons) per level, a total of 224 traces were to be tested and their resistances measured.

3.1 Variables
The following variables include the factor levels controlled in the experiment, the identifying
information for each sample, and the raw output variables. The output data was processed into new
variables, described in Chapter 4, that could be used for analysis.
Inputs:
Trace Width – Nominal printed lateral width of trace at a fixed 1:50 width to length ratio.
1 = 0.50 mm
2 = 0.75 mm
3 = 1.00 mm
4 = 1.25 mm
Substrate – Specific TPU/fabric level, including TPU not bonded to fabric (Figure 17).
A = TPU without adhesive (clear) by Delphon
B = TPU with adhesive (white) by Delphon
C = TPU laminated to Denim (in-line with fibers) by Lubrizol
D = TPU laminated to Denim (45o bias to fibers) by Lubrizol
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E = TPU laminated to Dual Cotton DK2813-3 by Cotton, Inc.
F = TPU laminated to Black Spandex (generic)
G = TPU laminated to Avra ELE-31 by Eastman Chemical Company

Figure 17: Prepared TPU/Fabric Test Coupons.
Each of the seven TPU/fabric levels are shown, including the two TPU baselines and four
laminated fabrics. Stretchable Denim accounts for two levels because it was laminated and tested in
two different orientations with respect to the Denim fibers. Black spandex and Avra ELE-31 are
both polyester-based spandex fabrics.
Time (seconds) – Timestamp associated with each measured resistance. This variable is later
converted to cycles.
Output:
Resistance (Ohms) – Measured resistance of a trace at a given time after the start of the test.
Other Variables:
Test – Test coupon of four traces, numbered sequentially, 1 to 74, in the order tensile tested.
Position – Lateral location of trace pads on a sample. Position 1 corresponds to the leftmost trace,
while position 4 corresponds to the rightmost trace.
Case – Configuration of trace width and position, numbered 1 to 4.
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3.2 Screen Printing Mesh Design Methodology
A screen printing mesh pattern was designed for this experiment that allowed for the printing of
four tensile test coupons at a time, each with four traces of varying widths and lateral positions. The
parameters for the physical screen are summarized in Table 2.
Table 2: Print Screen Parameters
Screen Size

Bias (degrees)

29” x 29” OD
1” x 1.5” x .125”
Aluminum Tubing
250.0016
Stainless Steel
22.5 ± 3

Tension (N/cm)

30 ± 2

Emulsion (µ)

6 ± 1 (EMU-168)

Frame
Mesh Material

An outline of the print pattern is shown in the left of Figure 18 and an enlarged image of the bottom
right coupon pattern is labeled on the right.

Figure 18: Screen Printing Mesh Pattern.
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The markings around traces were used for the positioning of a cutting template. Trace positions on
each sample were assigned as 1 to 4 from left to right. The specific configuration of trace width and
position for each sample is referred to as a case. To ensure any effect of lateral positon was even
distributed across samples, at least two test coupons from each case were tested for all TPU/fabric
levels.

Prior to the development of the print design described in Figure 18, it was necessary to identify
optimal trace widths and print orientation. Preliminary test prints of the ACI SE1107 Ag ink were
run using a print mesh pattern (Figure 19) designed in another study for the purposes of optimizing
printing parameters (Ledgerwood, 2017; Pan et al., 2018).

Figure 19: Variable Trace Width/Orientation Mesh Pattern (Ledgerwood, 2017; Pan et al., 2018).
In this ladder-like mesh, there are four sets of line widths ranging from 50 um to 350 um at a fixed
1:100 width to length ratio. Each set of lines is oriented at one of four angles relative to the print
direction: 90o, 0o, 45o, and 67.5o respectively in the counterclockwise direction. The die attachment
grids were ignored in this study. After a full factorial DOE was run, analysis of the measured trace
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resistances showed the factor levels of line width and print orientation to be significant. Micrographs
show that traces oriented perpendicular to the print direction had poor print quality due to ink
spreading, which effectively changed the width to length ratio of the lines. Traces parallel to the
print direction did not exhibit the same spreading (Figure 20).

Figure 20: 10x Magnification Micrographs of Traces Oriented Perpendicular (Left) and Parallel
(Right) to Print Direction.
Therefore, it was determined that the final print design would have the long side of traces oriented
parallel to the print direction.

A trend of increasing resistance with increasing trace width was observed in this preliminary study.
Micrographs of parallel printed traces demonstrated a sprawling phenomenon in the ink that was
proportionally greater at lower trace widths and relatively absent above 300 um (Figure 21).
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Figure 21: 50x Magnification Micrographs of Print Quality through the Ladder-Like Mesh Pattern.
Upon consultation with ACI, it was determined that the sprawling was due to the rheology of this
specific ink and the way it behaves in fine line printing, typically under 0.5 mm. Therefore, it was
determined that the four trace widths in the final mesh design would be 0.5 mm or greater.
The exact widths and terminal pad spacing of the final mesh design were dictated by the dimensions
of the clamping assembly used in this experiment. This assembly (Figure 22) was designed by Cal
Poly students for a similar study (Roche et al., 2017).

Figure 22: Pogo Pin Alignment Superimposed over Trace Terminal Pad Layouts.
The pogo pin alignment block shown in Figure 22 was designed to apply an even clamping force
along the bottom of a tensile test coupon while allowing for the probe tips to make contact with the
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conductive surfaces of the sample. These probe tips are referred to as pogo pins because they are
able to slide freely into the block while still applying pressure via a spring mechanism. This design is
meant to protect the thin ink being contacted and to reduce variation in electrical measurements by
ensuring even pressure of the pins along the traces.

A wire runs from each pogo pin to an hp 34970A data acquisition unit, where a configurable
breadboard completes the circuits for pairs of connected traces. The spacing of pogo pins was
initially designed for a print pattern in which the centers of terminal pads were 1.6 mm apart. Due to
the nature of a new variable trace width pattern and multiple configurations of those traces, the
configuration of the pogo pin channels was complex. The parameters for the final trace layout of
each “Case” was such that at least one pogo pin would contact each trace pad and the pads would
have a minimum separation of 0.3 mm to prevent shorting. In parallel with designing the trace
layout, it was decided that a width to length ratio of 1:50 was ideal for minimizing the total height of
samples. Height was further reduced by a geometry which divides the total trace length between two
equal length halves connected on top by a horizontal bridge. The final trace widths were set to range
from 0.5 mm to 1.25 mm in increments of 0.25 mm.

3.3 Printing Process and Test Coupon Preparation
A screen printing mesh was manufactured based on the final print design. A preliminary 22 factorial
design experiment with center points was performed using the mesh on a Dek Horizon i03 screen
printer to optimize printing parameters. Print speeds of 50 mm/s to 150 mm/s and squeegee
pressures of 1 kg/cm2 to 3 kg/cm2 were used. Based on which treatment most reduced the average
resistances of traces, it was determined that a squeegee pressure of 2 kg/cm2 and a print speed of 50
mm/s would be used in this experiment for printing ACI’s conductive ink on TPU.
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To streamline the process of assembling test coupons, a sufficient supply of TPU sheets were
printed with the full mesh pattern. Sheets were printed ten at a time and set to dry in an Espec box
oven at 100oC for 30 minutes. This process took approximately six weeks due to complications with
the screen printer and the logistics of preparing for and cleaning up after a printing session. A small
set of the prepared sheets were of clear TPU without an adhesive backing, which made up test
coupons for TPU/fabric level A. The remaining sheets were of white TPU with the adhesive
backing, which was required for lamination to fabrics.

The screen printing process unavoidably produced defects and natural variation in samples. Voids
and uneven thickness in the ink due to uneven printing pressure would lead to shorts and high
resistance values in traces. Improper drying time or temperature would also lead to high resistance
values. The quality of each individual test coupon on TPU sheets was determined by measuring the
resistance of each trace with a digital multimeter. The highest resistance trace was used as the
determinant of a test coupon’s quality. To ensure that the experiment was conducted with high
quality samples, a screening process was implemented in which only test coupons without visible
voids and with a maximum trace resistance of 8 Ohms were deemed acceptable. Ideal traces had a
resistance of approximately 3 Ohms.

Acceptable test coupons were cut from the TPU sheets to dimensions of 40 mm x 80 mm using a
cutting template. A minimum of eight coupons, 32 sample traces, were cut for each of the seven
TPU/fabric levels. A set of test coupons cut from clear TPU were set aside for one factor level,
while another set cut from white TPU were set aside for another level. The remaining test coupons
were cut from the white TPU for lamination to four fabrics identified as candidates for stretchable
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electronics textiles by leaders in the industry: a stretchable denim at two orientations, a cotton blend,
and two spandex materials (Figure 23).

Figure 23: Fabric Swatches Cut to Test Coupon Dimensions. Coupons are Ready when TPU is
Laminated to the Front Side.
Four white TPU coupons at a time were positioned on a swatch of a given fabric, with the adhesive
side contacting the fabric and the printed pattern face up. A heat press was then used to bond the
TPU and fabric at 120oC for 40 seconds. The laminated test coupons were then cut to size from the
fabric swatch. Lastly, the bottoms of test coupons were hole punched through a template
corresponding with the dowel pins of the alignment block in the Instron test fixture (Figure 24).
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Figure 24: Instron Test Fixture Clamping Assembly (Roche et al., 2017).

3.4 Test Procedure
Tensile tests were performed using an Instron Mini 55 tensile tester and a Delrin alignment
block/pogo pin clamping fixture designed in a previous study (Roche et al., 2017). Test coupons
were first aligned by the dowel pins of the bottom left block, then the pogo pin block was slowly
extended until the pins made contact with the trace pads (Figure 25).
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Figure 25: Instron Test Fixture Setup Process.
A tensile test sequence was designed in Bluehill 3 software that strained samples to 20% elongation
and back at 4% per second for 1000 cycles, followed by a 15-minute relaxation period. The only
input required before running each test was the gage length, which had to be measured by hand after
closing the top clamp and manually setting the crosshead. The top of a test coupon had to be flush
with the Delrin clamps before tightening, after which the crosshead was manually adjusted upward
until the force sensor measured 1 to 2 N. Before starting the Bluehill program, the force on the
Instron was zeroed and the Keysight Benchlink Datalogger 3 software was initiated. The hp 34970A
data acquisition unit connected to the pogo pins measured the changing resistance of each trace
throughout testing at a 4 Hz rate, while the software recorded this data. A Matlab script was later
programmed to export the data and ignore pogo pin channels not in contact with trace terminal
pads.

The order in which test coupons of the various TPU/fabric levels were tested was not randomized.
Due to schedule limitations on receiving fabric, sequential tests had to be run with the materials on
hand. For this reason, many of the initial tests were run with bare TPU, levels A and B. The Denim,
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cotton, and black spandex fabrics were received and tested next. The Avra ELE-31 fabric was the
last to be obtained and tested. More test coupons than the planned eight were run for most
TPU/fabric levels because the data from several tests was unusable due to issues with the test setup
and/or the print quality. A total of 74 test were run and are broken down by fabric level in Table 3.
Table 3: Test Coupon Run Order

TPU (clear)

Total Test
Coupons
8

TPU (white)

14

1-9

Denim (in-line)

13

17, 20, 22, 25, 26, 28, 30, 32, 51, 56-59

Denim (45o bias)
Dual Cotton
DK2813-3

14

19, 21, 23, 24, 27, 29, 31, 33, 50, 52, 61-64

8

34, 36, 38, 40, 42, 44, 46, 48

Black Spandex

8

35, 37, 39, 41, 43, 45, 47, 49

Avra ELE-31

9

67-74

TPU/fabric

Test Numbers
10-16, 18

During testing it was noted that test coupons were potentially slipping in the clamping fixture. It was
determined that the surface roughness of the Delrin clamps may provide insufficient friction to hold
the fabrics in place. This was remedied by first adding electrical tape to the clamp surfaces, then with
150-grit sand paper, and later by replacing with an adhesive-backed rubber foam (Table 4).
Table 4: Test Fixture Modified Grips

Delrin

Test
Numbers
1-6

e-Tape

7-26

150-Git Sand Paper

27-34

Rubber Foam

35-74

Clamp Surface

The foam was able to apply the greatest and most even pressure to test coupons. It is not clear if
slipping continued to occur, since any effect of the slipping on gage length was confounded with the
effect of stress relaxation, which occurred in coupons after the first cycle.
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CHAPTER 4 – RESULTS AND ANALYSIS
4.1 Raw Data
Unicode .txt files for the 74 tests were exported and reformatted via a Matlab code (Appendix A).
Each test was saved as a .csv dataset with the first column being time, followed by four columns of
resistance outputs for each of the four traces in order of increasing width. Plots of the raw output
datasets seen in Appendix D exhibit the expected trend of resistance increasing over time in a cyclic
fashion. Unusual phenomena were apparent in many plots, including spikes in resistance and values
jumping between zero and infinity (Figure 26).

Figure 26: Example of Poor Data in a Resistance vs. Time Plot for White TPU. The 1000 Cycles are
Captured from Time 0 to 10,000, Followed by 900 Seconds of Relaxation.
Traces exhibiting this type of erratic behavior were flagged as outliers to be excluded from any
analysis. A representative plot of “good” data for each of the factor levels is shown in Figures 27-33.
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Figure 27: Representative Resistance vs. Time Plot for Clear TPU.

Figure 28: Representative Resistance vs. Time Plot for White TPU.

Figure 29: Representative Resistance vs. Time Plot for Denim (In-Line).
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Figure 30: Representative Resistance vs. Time Plot for Denim (45o Bias).

Figure 31: Representative Resistance vs. Time Plot for Dual Cotton DK2813-3.

Figure 32: Representative Resistance vs. Time Plot for Black Spandex.
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Figure 33: Representative Resistance vs. Time Plot for Avra ELE-31.
The normal behavior of traces with good data have three distinct characteristics: a rapid increase in
resistance during the first 25 cycles (250 seconds), a steadily declining rate of increase over the
remaining cycles, and a decrease in resistance during the 15-minute relaxation period that roughly
follows a logarithmic decay ending at approximately the initial resistance. The initial cycle typically
results in a resistance increase of about four to five times the initial trace resistance, then after 25
cycles, the resistance would reach about 25% of the max resistance at 1000 cycles (Figure 34).

Figure 34: Initial 25 Cycles Demonstrating Rapid Increase in Resistance Relative to that of the
Remaining 975 Cycles.
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Linear regression methods were investigated to analyze the behavior of the first 25 cycles and the
last 975 cycles separately, but results were inconsistent. An exponential fit model approach was
instead applied to the full 1000 cycles, as described in Section 4.3. While the 15-minute relaxation
curves would be useful for analyzing ink recovery behavior, an additional method of analysis was
required which fell outside the scope of this study.

4.2 Data Processing
To reduce noise and analyze the data based on the two main physical characteristics of the tensile
cycle, full extension and full relaxation, further processing was necessary. The .csv datasets were read
into R Studio and a series of functions were written to save initial resistance as the first recorded
value, identify the local maxima and minima resistance values, and separate out the 15-minute
relaxation portion of the dataset (Appendix B). A “maxres” function searched for the peak
resistance within a 10-second interval, or cycle period, for each of the 1000 test cycles. A “minres”
function similarly searched for the lowest resistance value in a cycle period. An illustration of how
the R code executed this process is shown in Figure 35.
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Figure 35: Example of How the R Code Identified Maximum and Minimum Resistance Values
Within a “Cycle Period”.
The start of the first cycle period was chosen such that maxima and minima would not fall on the
boundaries of subsequent periods. The timestamps of the maxima and minima were replaced by the
number of the cycle period in which they fell. The initial resistance was always taken as the
resistance value at time = 0 and was not associated with a cycle, but rather with the specific sample
being measured. Since the last cycle in any given test was followed by a long relaxation period, a true
local minimum could not be measured. Therefore, the 1000th cycle values were removed from each
dataset. A final aggregated .csv dataset was saved in long format (every row is an observation for a
particular combination of variables) with the identifying variables, factor levels of trace width and
fabric, and max/min resistances for 74 tests, 4 traces each and 999 cycles per trace. In total, the
dataset had 296,000 rows of data. An additional column in the dataset was then added for amplitude,
which was calculated as the difference between the max and min resistances per cycle.

Instron load, extension and time data for about half of the tests was separately captured in the
Bluehill 3 software and exported via a Matlab code. Data for the other tests was lost due to an error
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in the file save method at the end of testing. A function similar to “maxres” was written in R to pull
out the maximum load applied to a sample at max extension for each cycle. This data is used to
provide context to the resistance change analysis by characterizing the mechanical behavior of each
material tested. A summary of the calculated variables is outlined below.

Calculated inputs:
Initial Resistance (Ohms) – first recorded trace resistance value at the start of a tensile test.
Cycle – 10-second period of 20% strain at a rate of 4% strain per second, spanning 5 seconds of
extension and 5 seconds of return to nominal gage length.
Max Load (Newtons) per cycle – peak load measured on Instron at max extension.
Calculated outputs:
Max Resistance (Ohms) per cycle – peak resistance of a trace over a 10-second period (cycle).
Min Resistance (Ohms) per cycle – lowest resistance of a trace over a 10-second period (cycle).
Amplitude (Ohms) per cycle = (Max Resistance - Min Resistance)

After excluding previously flagged outlier traces, plots of max resistance vs. cycles revealed some
erratic behavior. Those exhibiting a phenomenon called feathering, seen in Figure 36, were removed.
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Figure 36: Facet Plot of Max Resistance vs. Cycle Demonstrating Feathering and Uncharacteristic
Spike in Resistance in Tests 1 and 7.
Additionally, it was decided that to remove traces with a max resistance above 550 Ohms, based on
a histogram of all cycle 999 max resistance values. Traces for which the resistance dropped to zero
during the test were also removed. After identifying and excluding all outlier traces, a total of 194
traces were deemed acceptable for analysis.
A faceted plot of the max resistance values for all traces by TPU/fabric level shows that there is a
visual difference in the variation and average rate of resistance increase between TPU/fabric groups
(Figure 37).
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Figure 37: Facet Plot of Max Resistance vs. Cycle. Traces Grouped by TPU/Fabric Level.
The TPU and Denim groups appear to have higher variation than the cotton and spandex groups.
Cotton appears to have the most linear increase in resistance and the spandex groups appear to have
the lowest rate of increase and variation. There is no clear trend in max resistance associated with
trace width. Similarly, a faceted plot of amplitude, which describes how much the resistance recovers
between cycles, shows a clear difference in variation and behavior across the TPU/fabric levels
(Figure 38).
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Figure 38: Facet Plot of Max Resistance vs. Cycle. Traces Grouped by TPU/Fabric Level.
While most of the materials exhibit a trend of increasing amplitude, Avra ELE-31 spandex fabric
demonstrates a slight decreasing slope. Both spandex materials appear to have the lowest amplitude
values on average. There is no clear trend in amplitude associated with trace width.

No datasheets were provided for the various materials in this study, so it was necessary to
characterize their mechanical behavior during testing. Young’s modulus was not calculated from the
Instron data collected, but the calculated variable of max load per cycle was examined by fabric. All
materials exhibited stress relaxation during the first five cycles as is evident by the steep decline in
max applied load seen in Figure 39.
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Figure 39: Example Plot of Load vs. Cycle for White TPU Demonstrating Significant Stress
Relaxation in the First Five Cycles. Max Resistance Per Cycle is Overlaid as a Color Gradient.
This is due to the uncoiling of the soft phases in the viscoelastic fibers and TPU, which are not able
to recover fully between cycles, and the partial degradation of the materials’ hard phases. The
significant decrease in initial max load at the start of a test was followed by a steady decrease in
maximum load with each additional cycle. This decrease in load indicates a rubbery phase in the
materials that corresponds with the steep increase in measure resistance during the same period of
cycles. This strongly suggests that the performance of the conductive traces is dependent upon the
mechanical properties of the substrates to which they are adhered.

To compare mechanical properties of the various materials, the initial and final max loads were
averaged (Table 5).
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Table 5: Average Max Load Calculations by TPU/Fabric Level
Test
Average Initial Average Final
Coupons Max Load (N) Max Load (N)
7
17.8
14.1

TPU/fabric
TPU (clear)

Average %
Load Drop
20.6%

TPU (white)

5

20.5

15.3

25.0%

Denim (in-line)

3

35.2

25.6

27.4%

Denim (45 bias)
Dual Cotton
DK2813-3
Black Spandex

7

53

31.5

41.0%

3

36.5

22.6

38.2%

7

32.4

20.9

35.4%

Avra ELE-31

7

29.5

20.8

35.4%

o

The proportional decrease in load for a material was calculated as
% 𝐿𝑜𝑎𝑑 𝐷𝑟𝑜𝑝 =

(𝑀𝑎𝑥 𝐿𝑜𝑎𝑑T − 𝑀𝑎𝑥 𝐿𝑜𝑎𝑑UUU )
𝑀𝑎𝑥 𝐿𝑜𝑎𝑑T

TPU required the least force on average to strain to 20% elongation, while the laminated fabrics
required significantly more force. Notably, Denim stretched 45o to the fibers required 18 N more
force to reach the same elongation on average as the same material stretched along the fibers. This is
due to the different interactions of the perpendicularly woven Denim and TPU fibers. When force is
applied parallel to the Denim fibers they are able to slide freely past the TPU fibers until there is no
slack left, then the bulk Young’s modulus becomes approximately that of the Denim fibers (Figure
40).
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Figure 40: 100x Micrograph of Denim (In-Line) Fibers from the Back of a Test Coupon. Blue
Fibers are Denim, while the White Fibers are TPU-Based.
When force is applied at a 45o bias to the fabric, the woven fibers inhibit movement past one
another, so the bulk Young’s modulus is dominated by the strength of the weave (Figure 41).

Figure 41: 100x Micrograph of Denim (45o Bias) Fibers from the Non-Laminated Front of a Test
Coupon. Blue Fibers are Denim, while the White Fibers are TPU-Based.
Micrographs of the other fabric weaves can be seen in Appendix C.
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The % load drop values from Table 5 were plotted in Figure 42 against initial max load and a linear
equation was fit.

Figure 42: Plot of % Load Drop vs. Initial Load.
There is a moderate positive correlation between the initial max load and the percentage drop in
load. This indicates that a higher initial force required to elongate the material to 20% strain would
result in a greater proportional drop in the required force to reach 20% strain after 1000 cycles. This
trend can be explained by two mechanisms: slipping of samples due to insufficient clamping
force/friction and stress relaxation each viscoelastic material. There is already evidence of stress
relaxation in the materials, but as previously discussed, any effect of slipping is confounded.

4.3 Fit Modeling
To compare resistance change behavior across TPU/fabric levels, a standard model was chosen to
fit max resistance vs. cycle for each trace. Linear regression with all standard transformations of the
data was found to be invalid due to strong patterns in the residuals, indicating a lack of
independence. It was determined that the following mechanistic growth model best described the
observed max resistance per cycle behavior:
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𝑀𝑎𝑥 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑎(1 − 𝑏𝑒 H[∗\][^_ )
where 𝑎 is asymptote, 𝑏 is scale, and 𝑐 is growth rate. The ideal resistance performance following
this model is achieved when 𝑎 is minimized, while 𝑏 and 𝑐 are maximized, thereby minimizing
resistance on average. The coefficients for each modeled trace were saved along with the same
descriptive variables in a new simplified dataset with only 194 rows of data. Table 6 summarizes the
average coefficient values by TPU/fabric level.
Table 6: Fit Model Coefficient Averages
TPU/fabric
TPU (clear)

Test Sample Size
abCoupons (traces) Asymptote Scale
8
27
487
0.885

c – Growth
Rate
0.00090

Resistance at
Cycle 1000
312

TPU (white)

12

35

560

0.900

0.00087

348

Denim (in-line)

10

30

195

0.745

0.00269

185

Denim (45 bias)
Dual Cotton
DK2813-3
Black Spandex

10

30

299

0.853

0.00139

235

7

22

349

0.849

0.00101

241

8

30

142

0.758

0.00167

122

Avra ELE-31

8

20

174

0.792

0.00173

150

o

The “Test Coupons” column represents the total number of test coupons of a specific level from
which valid traces were modeled. “Sample size” is the total number of fit models for which the
coefficients were averaged. In this model, the coefficient 𝑎 (asymptote) actually has the greatest
impact on the overall rate of resistance increase, not 𝑐 (growth rate). All laminated fabrics have
lower average asymptotes and higher growth rates than bare TPU. With respect to these two
coefficients, the model predicts that traces tensioned on non-bonded TPU will reach higher
resistances on average than those of TPU bonded to fabric. The “Resistance at Cycle 1000” column
of Table 6 confirms this prediction and also shows that both spandex materials have the lowest
predicted average resistance after 1000 cycles.
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To visualize the average predicted models for each TPU/fabric level, the values from Table 6 were
plugged into the original equation and plotted for cycle = 1 to 1000 (Figure 43).

Figure 43: Average Predicted Resistance Behavior Curves of Each TPU/Fabric Level Based on a
Mechanistic Growth Model, Max Resistance = a(1 − be-2*45267 ).
Clear and white TPU have the highest average rates of increase in resistance with cycles, while black
spandex and Avra ELE-31 have the lowest average rates of increase. The curves of cotton and
Denim are relatively the same and fall between those of TPU and spandex.

To visualize the variation in the average predicted curves, 95% confidence intervals were taken for
the coefficients of each TPU/fabric level using pooled variance (Table 7).
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Table 7: Fit Model Coefficient Pooled Standard Deviations
TPU/fabric
TPU (clear)

Sample Size
a - Asymptote b - Scale
(traces)
27
53.7
0.0120

c - Growth Rate
0.00011

TPU (white)

35

47.2

0.0105

0.00009

Denim (in-line)

30

50.9

0.0113

0.00010

Denim (45 bias)
Dual Cotton
DK2813-3
Black Spandex

30

50.9

0.0113

0.00010

22

59.5

0.0132

0.00012

30

50.9

0.0113

0.00010

Avra ELE-31

20

62.4

0.0139

0.00012

o

To calculate the upper and lower limits of a confidence interval, the fit model equation had to be
maximized or minimized accordingly using the pooled standard deviation. The equation for the
upper limit used average 𝑎 + 2𝜎b , 𝑏 − 2𝜎c , and 𝑐 + 2𝜎[ . The equation for the lower limit
conversely uses average 𝑎 − 2𝜎b , 𝑏 + 2𝜎c , and 𝑐 − 2𝜎[ . A comparison of the 95% confidence
intervals for both TPU levels and both spandex levels is shown in Figures 44 and 45.

Figure 44: Divergent 95% Confidence Intervals for Predicted Resistance Models of Clear TPU vs.
TPU-Laminated Black Spandex.
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The lower confidence limit of the clear TPU model diverges from the upper confidence limit of the
black spandex model, indicating that TPU-laminated black spandex will reach lower resistances
under cyclic strain in the long run.

Figure 45: Divergent 95% Confidence Intervals for Predicted Resistance Models of White TPU vs.
TPU-Laminated Avra ELE-31.
Similarly, the confidence intervals of the white TPU and Avra ELE-31 models diverge, indicating a
positive effect of laminating TPU to spandex material.

The above confidence intervals rely on an equal variance assumption of coefficients between
TPU/fabric levels. There is evidence to suggest this assumption is violated, so it would be more
appropriate to model such comparisons based on the unequal variances shown in Table 8.
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Table 8: Fit Model Coefficient Standard Deviations for Unequal Variances
Sample Size
TPU/fabric
a - Asymptote b - Scale c - Growth Rate
(traces)
TPU (clear)
27
374
0.0643
0.00051
TPU (white)

35

466

0.0627

0.00046

Denim (in-line)

30

195

0.0856

0.00095

Denim (45 bias)
Dual Cotton
DK2813-3
Black Spandex

30

137

0.0622

0.00050

22

292

0.0626

0.00046

30

36

0.0462

0.00037

Avra ELE-31

20

36

0.0183

0.00017

o

Based on the true coefficient standard deviations, black spandex and Avra have significantly less
variation than all other TPU/fabric levels. This indicates the upper confidence limits for the spandex
materials would be even lower. However, the lower confidence limits are not calculable because the
high asymptote variation in TPU, Denim, and cotton would result in negative values based on this
model. While this method of maximizing or minimizing a model with three coefficients allows for a
comparison of predictive models with a degree of confidence, it requires minimal variation to be
valid. The variation in this experiment is too great to properly make a statistically significant
comparison between the average resistance behavior of the TPU levels and that of the spandex
levels. However, the average resistance of spandex is visually the lowest on average in the long-run
of 20% strain cycles based on the model. Since the variation of the TPU groups is almost five times
that of the spandex groups, lamination to spandex material may have the effect of reducing variation
in electrical performance.
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CHAPTER 5 – CONCLUSION
5.1 Summary
In this experiment ACI SE1107 conductive silver ink was screen printed as patterns of four
horseshoe traces onto Delphon TPU sheets, then tensile coupons of the TPU, both bare and
laminated to fabric, were subjected to 1000 cycles of 20% uniaxial strain. In-situ resistance
measurements of the traces were processed via R code to generate datasets of maximum and
minimum resistance per cycle. A mechanistic fit model with three coefficients was used to model the
max resistance behavior of all traces and the results were compared across TPU/fabric levels. Traces
strained on TPU were found to have the largest variation and highest rate of increase in resistance
per cycle on average. Traces strained on TPU laminated to spandex (polyester) fibers, both a generic
black spandex and Avra ELE-31 by Eastman Chemical Company, were found to have the least
variation and lowest rate of increase in resistance on average. The Avra ELE-31 group also had
significantly lower amplitude in resistance per cycle on average compared to all other TPU/fabric
levels. There was not sufficient evidence to suggest a significant difference in the resistance behavior
of traces strained on TPU laminated to Dual Cotton DK2813-3 by Cotton, Inc. or stretchable
Denim by Lubrizol. Trace width was not found to have a significant effect on the resistance
behavior across TPU/fabric levels.

It can be concluded that lamination of TPU to spandex fibers has a net positive effect on the
resistance behavior of screen printed circuits when subjected to cyclic uniaxial strain, in terms of
reducing the average resistance and variation in the long-run. However, the extent to which this
effect is influenced by fabric properties, i.e. fiber diameter, thread count, weave structure, and
Young’s Modulus, has not been explored. It is believed that the high resilience of the polyester fibers
aids in minimizing the energy lost in the hysteresis loop experienced by the TPU, thereby allowing
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the elastomeric chains of the conductive ink to recover faster and return the density of conductive
silver particles to the nominal state. Since the surfaces of fabrics are not smooth, a more complex
mechanical interaction may be at play due to an islanding effect where only portions of TPU bond
to the peaks of fibers, while other sections remain suspended over valleys (Figure 46).

Figure 46: 100x Light Microscope Image of TPU-Laminated Stretchable Denim (In-Line),
Demonstrating Islanding Effect in which TPU is Bonded Only at the Translucent Surfaces that
Expose Peaks of the Perpendicularly Woven Fibers.
The ink on these isolated sections of TPU would experience less strain than ink on the sections
bonded to the fibers. Additionally, a sharp increase in max resistance was observed in the first 5-25
strain cycles, corresponding to a sharp decrease observed in the max load applied to the sample in
the same cycles. This can be explained by nonlinear viscoelastic models, however, the fit model
chosen cannot account for this effect and therefore overestimates the initial phase of the predicted
resistance curves.
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The overall experiment lays a strong foundation for future reliability testing of stretchable printed
electronics. While test fixtures must be customized to the types of samples being tested, researchers
with access to an Instron tensile test machine can emulate this experiment. The total strain, rate of
strain, number of cycles, pre-tensioning and different hold states can be programmed into the
Bluehill 3 test software to observe different responses of inks or full wearable electronic devices.
The process for in-situ electrical measurement can be followed and the code base exhibited in
Appendix A and Appendix B can also be emulated to pull out only relevant data for analysis.

5.2 Issues/Concerns
There are many aspects of this experiment that could be improved upon and refined. Due to the
large amount of unexplained data that had to be screened from the analysis, there is concern with
print quality and the test fixture used. During the printing process, it was difficult to get more than
ten useable prints in one session due to voids appearing over large sections of the printed mesh
pattern. It is believed that this was due to the specific solvent in SE1107 ink rapidly evaporating after
the first print. The rate of evaporation could be improved with better humidity and room
temperature control, which was lacking in the screen printing lab. Since no analysis was done on
individual traces, beyond measuring resistance, it is possible that traces with small voids and uneven
print heights were tested. It would be necessary to work with ACI to improve the printability of
their ink and/or institute additional screening processes, such as surface profilometry and light
microscopy.

As previously mentioned, there was concern about the potential for slipping of test coupons in the
Delrin clamping assembly due to a lack of even pressure and sufficient friction. The fixture could be
improved in future testing by fabricating clamping blocks from aluminum, lined with an electrically
63

insulated layer, and fastening the matching halves together with screws. Since slipping could be
confounded with the effect of hysteresis, one way to confirm its presence in this experiment would
be to re-run tests with the new clamping method and observe whether there is a significant
reduction in the large drop of max applied load observed across TPU/fabric levels. This aluminum
clamping fixture is currently implemented by companies like ACI and Nextflex.
Another area of improvement for the fixture is in the pogo pin assembly block. Indentations and
shiny patches of ink were observed in the contact pads of traces upon releasing the bottom clamp
(Figure 47).

Figure 47: 100x Light Microscope Image of Indentation and Scratches in Contact Pad Ink Left by a
Pogo Pin after Testing.
It is believed that the spring constant of the pogo pins was too stiff for this application and that the
diameter of the pins was too small, resulting in high localized pressures. The indentations are
indicative of the ink layer being thinned locally, which could influence ink resistance. The shiny areas
are indicative of scratches in the ink from the pogo pins, which could also influence the electrical
measurements.
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5.3 Future Work
More studies are needed to better model the resistance behavior of screen printed traces under
uniaxial strain. Table 9 summarizes the many factors that can be controlled in a similar reliability
experiment.
Table 9 – Printed Electronics Reliability Test Variables for Future Experiments

Conductive Ink

Base Substrate

Fabric

Tensile Test

polymer formulation
solvent
particle type, size, distribution
printed height
line width/geometry
material
composition, properties
thickness
adhesive backing
fiber type
fiber diameter
fibers per thread
thread count
weave type
orientation
total strain
strain rate
number of cycles
relaxation period

To fully understand the interactions between ink, substrate and fabric, many of these variables must
be carefully selected for their material properties and controlled one at a time in large scale factorial
experiments. A cross-disciplinary approach will need to be applied to appropriately model the
viscoelastic responses of all layers under strain and account for the complex mechanical interactions
of fibers with the laminate surface. Adding to the complexity, the mechanics of fabrics to be used in
future wearable electronics will differ greatly when strained in different orientations. To truly
understand the reliability of printed circuits and sensors on the human body, tensile tests will need
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to be run in multiple uniaxial orientations and biaxially (Grams et al, 2018). Bend tests and
environmental tests, such as washing and heat exposure, must also be conducted to simulate the
actual conditions that such devices will experience in their lifetime. The uniaxial strain experiment
presented in this paper is a small but important step towards developing standard reliability tests for
the emerging industry of stretchable wearable electronics.
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APPENDICES
Appendix A – Matlab Code for Raw Data Extraction and Formatting
%% defines key for which pogo pin channels to read in for each test coupon
Case
key = [ 12 7 6 2
;
1 5 8 9
;
5 1 4 8
;
11 12 2 10 ];
%% Prompt for entering Case #
valid_input = 0;
while ~valid_input
design = str2double(input(sprintf('Enter the design number \t (1,2,3,4)
\t\t : '), 's'));
if ~any([1,2,3,4]==design)
valid_input = 0;
else
valid_input = 1;
end
end
%% Prompt for entering TPU sheet ID #
valid_input = 0;
while ~valid_input
prnt = str2double(input(sprintf('Enter the print number \t (1,2,etc.) \t
: '), 's'));
if ~any([1,2,3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
60]==prnt)
valid_input = 0;
else
valid_input = 1;
end
end
%% Prompt for entering TPU/fabric level
valid_input = 0;
while ~valid_input
substrate = upper(input(sprintf('Enter the substrate case \t
(A,B,C,D,E,F,G) \t : '), 's'));
if ~ismember(substrate, {'A','B','C','D','E','F','G'})
valid_input = 0;
else
valid_input = 1;
end
end
%% Prompt for entering date the Test was run
valid_input = 0;
while ~valid_input
year = str2double(input(sprintf('Enter the year \t\t\t\t (18,19,etc) \t :
'), 's'));
if year >= 2018
year = year-2000;
end
if ~mod(year,1) == 0 || year < 18
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valid_input = 0;
else
str_year = num2str(year);
valid_input = 1;
end
end
valid_input = 0;
while ~valid_input
month = str2double(input(sprintf('Enter the month \t\t\t (1,01,etc) \t :
'), 's'));
if ~mod(month,1) == 0 || month > 12 || month < 1
valid_input = 0;
else
if month < 10
str_month = ['0',num2str(month)];
else
str_month = num2str(month);
end
valid_input = 1;
end
end
valid_input = 0;
while ~valid_input
day = str2double(input(sprintf('Enter the day \t\t\t\t (1,01,etc) \t :
'), 's'));
if ~mod(day,1) == 0 || day > 31 || day < 1
valid_input = 0;
else
if day < 10
str_day = ['0',num2str(day)];
else
str_day = num2str(day);
end
valid_input = 1;
end
end
%% Checks that the entered information with matches a filename in the work
folder
date = [str_year,'-',str_month,'-',str_day];
filename = [num2str(design),'_',num2str(prnt),'_',substrate,' ',date,'.txt'];
%% Prints filename to confirm inputs
clc
fprintf('Design \t\t Print \t Substrate \t Date \n');
fprintf([num2str(design),'\t\t\t ',num2str(prnt),'\t\t\t ',substrate,'\t\t\t
',date,'\n\n']);
disp(['Filename:
',filename])
%% Pulls in data from the .txt file identified
warning off MATLAB:iofun:UnsupportedEncoding;
fid = fopen(filename, 'r', 'n', 'Unicode');
data_txt = fread(fid, '*char')';
for k = 1:length(data_txt)
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if data_txt(k) == ')'
endparenth = k;
end
if data_txt(k) == ':' || data_txt(k) == '/'
data_txt(k) = ',';
end
if data_txt(k) == '"'
data_txt(k) = ' ';
end
end
data_txt = data_txt(4+endparenth:end);
temp_data = str2num(data_txt);
temp_data(:,1:4) = []; %clears index and date columns
%% Makes a simplified time array
time = temp_data(:,4); %counts time in ms from ms column
time = time + 1000*temp_data(:,3); %adds time in ms from sec column
time = time + 60*1000*temp_data(:,2); %adds time in ms from min column
time = time + 60*60*1000*temp_data(:,1); %adds time in ms from hr column
for k = 2:size(time)
if time(k) < time(k-1) %checks if the test passes midnight
time(k) = time(k) + 86400000; %86400000 = ms in a day
end
end
for k = 1:4
temp_data(:,1) = []; %clears time columns
end
%% Makes an array with the output resistances for each of the 4 traces
data = zeros(length(temp_data),4);
for k = 1:4
data(:,k) = temp_data(:,key(design,k));
end
%% Converts time to seconds and merges the resistance data with time
time_adj = (time-time(1))/1000; %time column
data_time = time_adj; %initialize final x/y array
data_time(:,2:5) = data; %combines x and y values
dt = mat2dataset(data_time); %converts array to a numeric dataset
%% Plots all 4 trace resistances against time in seconds. Case to be
adjusted.
% plot(data_time(1),data_time(2:5))
% set(gca,'YScale','log')
%commented out when a log scale is not needed
% xlim([0 max(data_time(1)+50)])
% ylim([0 500])
% title ('\fontsize{20}Resistance of Pogo Traces with \epsilon_{max} = 20%,
\epsilon'' = 4%/s , Case 1')
% xlabel('\fontsize{20}Time (s)')
% ylabel('\fontsize{20}Resistance (\Omega)')
% set(gca,'FontSize',20);
% grid on
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Appendix B – R Code for Calculating Variables
Calculates initial resistance
zero <- function(data) {
slice(data, 1)
}

Calculates local maxima
maxres <- function(data) {
test <- data[!(data$Seconds < 2),] %>%
mutate(data, SecAdj = Seconds - 2) %>%
mutate(data, Cycle = (round_any(SecAdj, 10, f = ceiling)) / 10)
test <- test[!(test$Cycle > 1000),]
d1 <- test %>%
group_by(Cycle) %>%
filter(Line1 == max(Line1)) %>%
select(Cycle, Line1, Seconds)
t1max <<- max(d1$Seconds)
d1 <- select(d1, Cycle, Line1)
d2 <- test %>%
group_by(Cycle) %>%
filter(Line2 == max(Line2)) %>%
select(Cycle, Line2, Seconds)
t2max <<- max(d2$Seconds)
d2 <- select(d2, Cycle, Line2)
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d3 <- test %>%
group_by(Cycle) %>%
filter(Line3 == max(Line3)) %>%
select(Cycle, Line3, Seconds)
t3max <<- max(d3$Seconds)
d3 <- select(d3, Cycle, Line3)
d4 <- test %>%
group_by(Cycle) %>%
filter(Line4 == max(Line4)) %>%
select(Cycle, Line4, Seconds)
t4max <<- max(d4$Seconds)
d4 <- select(d4, Cycle, Line4)
trnsfm <- merge(d1, d2, by = "Cycle")
trnsfm <- merge(trnsfm, d3, by = "Cycle")
trnsfm <- merge(trnsfm, d4, by = "Cycle")
trnsfm <- unique(trnsfm)
}

Calculates local minima
minres <- function(data) {
test <- data[!(data$Seconds < 2),] %>%
mutate(data, SecAdj = Seconds - 2) %>%
mutate(data, Cycle = (round_any(SecAdj, 10, f = floor)) / 10)
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test <- test[!(test$Cycle > 999),]
d1 <- test %>%
group_by(Cycle) %>%
filter(Line1 == min(Line1)) %>%
select(Cycle, Line1)
d2 <- test %>%
group_by(Cycle) %>%
filter(Line2 == min(Line2)) %>%
select(Cycle, Line2)
d3 <- test %>%
group_by(Cycle) %>%
filter(Line3 == min(Line3)) %>%
select(Cycle, Line3)
d4 <- test %>%
group_by(Cycle) %>%
filter(Line4 == min(Line4)) %>%
select(Cycle, Line4)
trnsfm <- merge(d1, d2, by = "Cycle")
trnsfm <- merge(trnsfm, d3, by = "Cycle")
trnsfm <- merge(trnsfm, d4, by = "Cycle")
trnsfm <- unique(trnsfm)
}
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Appendix C – Micrographs of Fabric Threads
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Appendix D – Plots of Resistance vs. Time for Tests 1-74
*data 1 = trace width 0.50 mm
data 2 = trace width 0.75 mm
data 3 = trace width 1.00 mm
data 4 = trace width 1.25 mm
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